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1. Introduction

The gravity potential of the earth (W) can be decomposed into the
V gravitational potential (V) and the rotational potential ( f ) :

j . 
w = v + ~

As V is harmonic outside the surface of the earth, It can be expanded into a series
of spherical harmonics in this region (we assume tha t the series is convergent) :

(1.1) v= 2.~L {1+~~ (~
) (C~~. cosmA+~~~,5 sin m X)~~ i(sin W ) }

where

G Newton’s constant of grav itation

M mass of the earth

(r,~~,A ) geocentric spherical coordinates of the computation point

normalized assoc iated Legendre polynomial

S . fully normalized spherical ha rmon ic potential coeffic ients

a equatorial radius of the defined earth ellipsoid

In the study of the geopotentlal field it is most convenient to subtract a selected
reference field :

+ ~~

A A

where C~ 0 and C40 are selected coeffic ients, from the potential W. The residual
• potential (T) is the so called disturbing potential:

• (1.2) T = W - U = 
~~~~~~~~~~~~~~~~~~~~~~~~~ cosmA + S sln mA ) ~~6. (sin~~)

V — 1—

‘9 01 12 004
-; ~~i ~~~~~~~~~~~~~~~~~~~~ ~~~~~
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where

— — A
C~ 0 = C~~~ — C 2 0
— A
C 20 = C 1 o — C~~o

= , = ~~ for (n ,m) ~ (2 ,0) or (4 ,0)

Now, by inserting (1. 2) into the spherical approximation of “the fundamental
boundary condition” (Heiskanen and Moritz , 1967, p. 88) :

- ~ T 2Tg — -  
~~r r

we obtain the gravity anomaly (Ag) in terms of the potential coefficients :

(1.3) Ag = y ~~(n l) 
~~ (

~ 
cosmA + ~~~~ sin mA) (-~_)~~~~~. (sin ~ )

n= a .=o

where

V = GM/a 2

It is obvious from formula (1. 1) that the coeffic ients 
~ ,,~ 

and ~~~, are dependent
on the choice of a, but that ~ . a~ and ~~~, a” are invariant quantities. On the
other hand, for a fixed y the gravity anomaly in (1.3) is independent of the choice
of a, whenever:

~~ • a” 2  and 
~~~~~ 

a”4~

are invariant. This means that for two diffe rent a-values ~a1, a a) and y = constant
the gravity anomalies In (1.3) are the same, If (with obv ious notations):

(1.4) {~~~~~~}.1 
= (

+~~
{

C~~
}

ii
This relation will be usefu l In the following application of estimating the coeffic ients
~~ ,,. and ~~~~~

VV . 
- - V  
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2. Covariance Functions

Suppose that the gravity field is harmonic, homogeneous and isotropic .
Then the spatial cova riance function of the point free-air gravity anomalies ~ g,
and Ag, is given by (Moritz , 1972, p. 89):

(2. 1) C = coy (ag,,  ~ g 
~~ 

n = a  

~~~~~~~ ~~ ~~~~ ~

where

s=  re /r j r j
r~ = radius of the Bjerhammar sphere
r k =  r , + h k , k = l , j
r • = radius of mean sea level
h , h3 = elevations of poin ts P, and P~c~ = degree variances of Ag

The corresponding covariance function of the mean grav ity anomalies A~ , and
~~~~~~~~ 

where :

~ g d a ; k i , j

k

is given by

(2. 2) = coy 
~~~~~~~ = 

~~~~~~~~~~~~~ 
$$ $$ c ,~ d~ do

‘~o-t ~aj

In the same way we obta in the following cross—covariance function between Ag,
and~~~~~:

(2. 3) ~~~~~= !. $5 c jj do

In these formulae Aa Is a part of the unit sphere a. For small regions ~ a , and
Ao’~ we may, w ithout loss of significance , assume that r , and r j are constants.
Then (2. 2) and (2. 3) become:

(2. 2’) = C~ S’~~~ 
~a

’
~o~ 5$ 5$ P~ (cos 4)~) do do

a L~O~1 Ao~

C. . - - -
~ -

- -.- . - - 
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The common way to determine the spherical harmonic coeffic ients of the
earth’s gravity field fre”~m terrestrial data is by means of integration of mean
gravity anomalies over a mean earth sphere. See for example Rapp (1977a). Due
to the orthogonal functions the coeffic ients are obtained directly in the integrations.
Rigo rously, it is required that the gravity anomalies are located on the sphere of
integration, but in reality , due to the va r iation of the elevation of the terrain , this
is not the case. This terrain deviation can be corrected for by adding the Mole-
denshy G 1 term to the mean anomalies. Pellinen (1962) has indicated that the
neglect of this te rm can cause errors in the low degree coefficients of 10 to 20
percent. Numerical results of I~ pp (1977a) agree with this error estimate , but
the results were based on a number of assumptions relating the G 1 term to the
terrain correction.

In prac tice , the computation of the Molodenshy corre c4 .~. te rm for the terrain
may be very dif ficult and laborious , especially in areas with rapidly va ry ing topo,, —
raphy. It is the refore of interest to find a technique for the determination of the
potential coeff ic ients that does not include the computation of the G 1 terms, yet
retains the rigor of that procedu re. One such method was given by I~~pp (1977b) ,
where least-squares collocation was used for an upward continuation of the ter res—
trial mean anomalies to a bounding sphe re. Once the anoma l ies are given at the
sphere the integration can be applied strictly for the determination of the potential
coeffic ients. Rapp (1977b) found that the neglect of G1 caused erro rs less than
7. 5% for harmonics up to degree 40.

In the present study the idea is to estimate the potential coefficients directly by
applyi ng least-squares collocation to the terrestrial mean gravity anomalies. The
integration is then taken care of in the cross-covariance matrix . The advanta ge of
using such a method is that the terrain correction is easily included and that the
various accuracies of the mean anomalies can be taken into accoun t , which is not
obvious in the integration approach.

In collocation a phys ical quantity V may be pred icted from a vecto r of (mean)
gravity anomalies ~~~ by the relation:

(1.5) V = Cvt ( G + D ~~’ 4~
where cvT 

= cross-covariance matrix ~~~~~
C = auto-covariance matrix
D = erro r covariance matrix

The prediction erro rs are estimated by

(1.6) my2 
= C0 — cy~ (C +D) 1 C y

Whe re C0 is the variance of V prior to prediction. For fu rther details on these
basic formulae see Morltz (1972).

V 

The collocation technique requ ires tha t the relevant covarianc e functions are
known. in the next section we are going to study these functions for the present
application.

-4-
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and

(2. 3 ’) = ~
‘ c~ s~~~ -i--- j ’$~~ (cos ~~ ) d~

Formu lae (2. 2’) and (2 . 3’) are ve ry laborious to compute in practice due to the many
numerical integrations. Approximate mean covariance functions may be obta ined by
using the $,, fu nction of Meissl (1971 , p. 23) :

i-c~s~~0 ~~~~ 
[P _ 1 (cos ~~ ) - P,~ 1(co s th 0)]

where th 0 is the radius of a c ircula r cap of area equa l to the relevant mi ~-~r size of
the mean anomalies. Then , the above covariance functions become (i~pproximate ly)
(c f. Figure 2 a — b ) :

(2 .2”) ~~ fi,~ P~ (cos~~ ,~ )

and

(2. 3”) = c~ s”~~ fi~ P~ (cos ~

As

fi~~~~ — ’ 0  as n - ~~

it is usually suffic ient to truncate the series (2. 2”) and (2. 3”) at a few hundred degrees
(dependent upon the block size) w ithou t loss of s ignificance.

• We also give the au tocovariance relations between the potential coefficients.
In Moritz (1970) the relations are given for the anomaly coeffic ients (a n ., b~.). As
~~~~~~ and ~~~~ are related to the potential coefficients ~ ~ and ~~ ,, according to:

1
— 

y (n —1 ) ~~~

where y is the mean gravity at sea-level, we obtain from Morltz (ib id.):

-5—
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(2 .4) coy (C ,,,, ~~~ 
= coy (

~
,,,, 

~~
) = 

~~~ 
W ‘~~

where
1 If n = p

~~
= 

if n~~p

and

cov ( C ,,, S~~)= 0 in any case.

The above covariance relations will be useful in our application ~colloc~ tion .

Finally, we l ike to mention that the mean covariance functions (2. 2’) and
(2. 3’) can in addition , be approx imated by the corresponding point covariance functEons
simply by increas ing the radii r , and r j by a feas ible constant. This type of
smoothed covariance fu nct ions was discussed in Tscherning and Bapp (1974 , Section 10)
and Schwarz (1976 , Section 7) .

3. Application of Collocation

We assume that the exte rnal gravity field of the earth may be expanded into
a series of sphe rical harmonics at a sphere of rad ius R. Then we have [cf. (1.3)1:

nr(3. la) ~gR = 1) (-i ) ~
‘ (C ,~, 

cos m A + S ,,, si n m A ) P,,~ (sin ~ )

where

V = GM/a 2
r~ = rad ius of the Bjerhamma r sphere

• and
C ,,, cos mA

(3. lb) {— } = 
1 55 ~ gA P .( s i n -~’){ } d~S ,,, r8 4n V (n- 1)(r e /R) ” ’ 2  a s i n m A

Formu la (3. ib) is the basic equation we are going to use for estimating the potential
coeffic ients. The coefficients determined by (3. ib) are independent of the choice of
R. Thus by choosing R as the radius of the Brioullin sphere (bounding all the mass
of the earth) we have a theoretically most attractive situation, because the series
expansion (3. la) is rigorously convergent at this sphere (cf. Sj~berg, 1977). The

-6—
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standa rd representation of the coeffic ients C ~, and ~~~~ in the literature is with
reference to the equatorial radius of the earth (a) (and not to the Bjerhammar
sphere as in (3. ib)). The conversion from (3. ib) to this representation was
given in (1 4):

C ,,, n + 2  C ,,.
(3. 2) {— } V. (

~
) {_ },,, a • ,,,

Theoretically, the point gravity anomaly ~gq in (3 . la) can be estimated
f rom a vector of mean gravity anomalies by means of formula (1. ~) :

(3. 3) = c (C + D)~~ 4&
where

c~’ = cross—covariance matrix (~ g,~~g)

The element (C ~~~ is given by (2. 3’) with r = R and C 
~, is given by (2 .2 ’). The

error covariance matrix D can be estimated by the diagonal matr ix formed by the
a priori estimated mean anomaly variances.

By inserting (3. 3) into (3. ib) we arrive at:

C ,,, C~
(3. 4) {~~

.
n, } 

= {csJ (C + DY 1 A

where the elements of C i  and c~ become:
( Cc )j j  1 — cosmA

(3. 5) {(Cs)j j } 
= 

4 1t V(n -1)(re/R)~~ In ~~ P~.(si n~o~{.  m A } do

We are going to simplify (3.5) by taking into account the orthogonality of the spherical
harmonics (Heiskanen and Morltz , 1967, p. 29). Us ing the notations:

R ,,. (W, A ) — ~cos m A
{ } =

S ,,, (cO, A ) Sin m A

we obtain from (2 .3 ) :

—7—
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(3. 6) ~~ R,, . (~o ,X ) d ~ = ~1 5$ ~ c ,, 5’~~ ~~~$$P n(Co s~~~~~~,(~ø ,x) dG c1a

AO~ ~~

= 

~+ 5$ ~~,,, (4~,X ) d~~

A completely analogous result is obtained for i,,,. Inserting the result of ( . 6) int ’-’
(3. 5) we f inally obta in :

(Cc ) j j  c re n +~~ — 
COS i.~ A

(3. 7) 
{(C~~)~~j } 

= 
V(2n+i)(n-1) (

~
-;) 

~~~~ ~

‘

a~ 
) {~~j fl mX } d a

whe re
cos mA

~- j $~~~
n, (Sifl

~~
)
~[sin mA } 

d-a =

1 if cosmX withm=0
i r N (sinmA ~-sinmA ~)/m If cos mA

= . I P,,, (Sin ~ ) cos (~ d ~ x •~,, -Isln~~N - sinw3 ~ Wii.u m ~-(cos m Aw -coSmA€)/m if s inmA
with m -~ 0

0 if sin m A  with m = 0

cO~ , ~~N ,  Xc,  A~ geocentric latitudes and longitudes of the corners of
the block ~a j

If ~ ~ is approximated by (2. 3”) the formula analogous to (3. 7) becomes:

(C chi c ,, fi ,, r~ 
co5m3~

(3.7’) {(cs) t i } 
= 

y(2n+ 1)(n-1) (F;) 1~,,, ~~in~~) t s1fl mX~
’

where

= (~~~+ ~~)/2

A = (A ~~ + A~)/2 -8-

- -• -
. ;
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4. Error Analysis

Suppose that the gravity anoma ly Ag 1 used In formula (3. ib) has the error
E l . The error propagation to C ,,, is accordingly:

dc ,,, = 
1 55 E t R n. (cp , A ) d a

4rT y( n—i )(r 8/R )~~~ 0’

and the mean squa re error of C ,,, becomes:

(4. 1) rn c~, = M (dc ,,) =

= {v(n-1) e/ Rr)~~~ 
M 1 ~ M 3 (a 13 ~~~~~~~~~~~~ (~ 3, A3)J I

where

= M [€j j }  = 
~~

-

~

— 5$ ~~~ € , d a

~~~~~= const.

and

M 1 = ..!— $j’ d a 1

As Ag of formula (3. ib) is estimated by means of collocation , a 1, is the pred iction
covariance of that method. Moritz (1972) , fo rmula (3-39) with A = 0 gives

(4. 2) a13 = C ~~ 
- 

~~~~~ (C + D) ’ C j

where the covariances of the right member are those defined In (3.3). Inserting (4.2)
into (4.1) and carrying out the Integrations , we finally obtain:

— 2  C~~ —1V (4. 3a) mc,,, = _ _ _ _ _ _ _ _ _ _ _  — Cc (C + D) C~~(2n+1)(n-1) y

where the elements of cc are given by (3. 7). In the same way we obtain the mean
square error for L1.:

- V~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ V V . V V  V ~~~~~~~~~~~~~~~~~~~~~~~~~
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— 3  C~~ y 1
(4 . 3 b)  ms,,, - C~ (C + D )  Cs

(2n+1)(n-1) y

We notice that (4.3a-b) give exactly the error estimates we would expect in collocation
with the predic t ion formula (3.4) . Cf. fo rmulae (1.5) and (1.6) .

5. Computations

A global coverage of 416 100 equal area free air gravity anomalies were
ava ilable as input da ta. ( These anomalies had been derived using the data of ~~~~
(1977a) and the methods described by Hajela (1975).)  In all cornnu l- - co\~.i-ia nce
functions the degree variances implied by the subroutine C(~VI-\ Tsehe~ning and
Rapp (1974) were used w ith c~ = 7.5 mga l2 . The cross -~-o~ r ia nce functions we re
computed by numerical integration according to formula (3 . 7) iderived from (2 .  ~i )1.
However, for the auto-covariance function we felt that it was unreasonable to use the
correspond ing, ve ry laborious formula (2. 2’). Instead , we tried two diffe rent
approximate fo rmulae. In order to save computer time the auto—covarianc e function
for the mean anomalies for zero—elevations (h 1 h 3 = 0) was stored in a table and
the cu rrent values were inte rpolated among the tabulated values. When elevation
info rmation was included in the process the table was used only to dete rm ine the
au to—covar iances between ocean-block mean anomalies .

The followi ng reference da ta were anticipate d:

a = 6378140 m
C3 O~~ 

_ V4 ~ 44. 198 x 10 °
C 40~ 0.790333 x 10_ B

f = 1/298. 247

In a first test of the predic t ion formulae (3. 1) and (4 .3 a -b), the auto-
cova riance function was approximated by the corresponding point covariance function
at the best fitting elevation (h = h~ = 142. 3 km , cf . the end of section 2). Figu re 1
indica tes a fair agreement between this covariance function and the one implied by a
numerical integration of the poin t cova rlance function over lO° x 10° blocks (around
the equator) . However , the pred iction result was poor and espec ially the erro r
estimates were useless (because of negative variances !). It was apparent from the
test tha t choice of mean covariance function was very critical , espec ially for the
outcome of the prediction errors .

Second , the auto-covariance runction was computed accord ing to formula (2. 3”).
It was found that the series could be accepted when truncated at degree 200 (except for

0, where n = 200 Is su fficient) . The very good agreement between the series

—1 0—I;
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Figure 1. Mean auto-covarlance functions for Ag from subroutine
COVA (with C2 = 0). The selected elevation (hA = h~ = 142. 3 km)
gave the point covarlnnce function that best agreed with the numer-
ically integrated covariance function.
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(2. 2 ) and the numerically integrated 10°x 10° covariance function [formula (2. 2 ’)l
is illustrated in Figure 2 a-b. In Figure 2a we can distinguish between the two
functions , in Figure 2b they coinc ide.

The spherical harmonic coefficient s were determined to degree 20 , both
with mean elevations set to 0 (Tabl e A. 1) and with the inclusion of approximate m e n
elevations (Table A . 2). (The approximate elevations were computed fro m the 5°
anomaly data reported in Rapp (1977a).) We also computed the coefficients b~collocation for zero elevation and no error covariance matrix included (Table A . 3 .
The tabulated coeffic ients refer to the sphere bounding the earth ellipsoid with
a = 6378140 meters (cf. formula (3.2)). For comparison we determined also the
coeffic ients from the 100 mean anomalies by the integra t ion method described in
Rapp ( ibid.) Isee also formulae (6.5a-b)J . See Table A .4.

In Table 1 we give the d iffe rences between diffe renL set.~ of potential
coefficients. The relative mean differences give an over all v iew of the agreement
between variou s sets of coeffic ients. It is obviou s that the coeff ic ients implied by
the 5° anomal ies (#251, Rapp , ibid.) agree slightly better w ith GEM 9 (Lerch et al .,
1977) than thoa e obtained from 10° anomalies. We also notice that the diffe rences
between the GEM 9 solutions and the solutions by collocation are less than the
differences GEM 9 - Integrated 10° anomaly coeffic ients.

In Table 2 the potential coefficient solutions from 10° mean anomalies are
compared relative to Kaula ’s rule. For low degree coeffic ients the d iffe rences
between collocation (1 or 2) and integration is within 6% (except for n = 3). For
higher degrees the disc repancies inc rease. In general , the inc lusion of elevation
information in collocation (Coll 1) seems to change the estimates a few percent.
Howeve r , note the la rge disc repa ncies (10%) for n = 3. When the noise covariance
matrix is excluded in collocation (ColI 3) the solution is clearly impared when
compared with GEM 9. One could expect that the collocation 3 solution should agree
better with the purely integrated coefficients than the other collocation solutions. We
have no explanation of why this is not the case in the computations.

In Table 3 the RMS accuracy estimates by degree of the potential coefficients
are compared. We notice that the accuracy estimates by collocation attenuate much
slower than those implied by the integration m ethod . Comparing the accuracy estimates
of pure integra t ion of 5° and 100 anomalies, we notice that the 100 estimates are
smaller. As this result cannot agree w ith reality , it Is l ikely to believe that the model
used for computing the error estimates Is too rough. The most obvious reason is
probably tha t the covariances between the mean anomaly errors are disregarded.
Althou gh this is the case also In the collocation error estimates, the negative effect
is less pronounced for these.

Finally, we compare the computation time for the dete rm ination of the potential
j coefficients from 10° mean anomalies (Table 4). The integration method Is at least

30 tImes faster than collocation.
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Figure 2a-b. Mean auto—covarlance functions for Ag from subroutine
COVA with c2 = 7.5 mgal3. In Figure 2b the small scale does not allow
for sepa rating the two covarlance functions . In the larger scale of
Figu re 2a the differences can be distinguished .
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Table 2

Ratios between RMS Potential Coeffic ient D iffe rences by Degree Impl ied by
10° Anomalies and (C nz , Snm ) = 10 5/n 2.

Units : Percent

Degree h it- hit- hit- Coil 1- Degree Int- Int- Int- Coll 1-
Coil 1 Coi l 2 Coli 3 Coil 2 Coil 1 CoIl 2 Coil 3 Coil 2

2 3 4 6 2 12 5 4 7 2
3 10 10 9 10 13 7 7 5 2
4 5 6 12 4 14 7 6 7 2
5 6 6 5 3 15 7 7 6 2
6 4 5 9 3 16 9 9 6 2
7 4 3 4 3 17 14 14 11 1
8 6 6 8 2 18 17 18 14 1
9 5 4 5 2 19 21 22 19 1

10 4 4 8 2 20 28 28 24 1
11 6 6 6 2

Coil 1 = Collocation with Eleva t ions
Coil 2 = Collocation without Elevations
Coil 3 = Collocation without Elevations or Noise Covarlance Matrix
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Table 3

RMS Accu racy Estimates by Degree
for Pote- ~ al Coefficients

Degree # 251 Int 100 Coil 1 Coil 2

2 1911 1722 2054 1779
3 956 861 1674 224~
4 637 574 992 1207
5 478 430 691 807
6 382 344 468 438
7 318 286 443 486
8 273 245 370 378
9 239 214 341 360
10 212 190 301 300
11 191 171 285 289
12 173 155 272 277
13 159 142 266 266
14 147 130 250 248
15 136 121 243 243
16 127 113 237 237
17 119 105 231 231
18 112 100 224 224
19 106 94 217 217
20 100 89 209 209

Coli 1 = Coilocation with Elevations
CoIl 2 = Collocation without Elevations
All values multiplied by 1010
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Table 4

Compu tation Times for Various Methods

Method Degree of Expansion CPU Time

Integration 25 19s

Collocation
with Elevations 20 12K 

13~

Collocation
withou t Elevations
(COVA in Table) 20 9K 21S

Compu ter: IBM 370/168
No. of Observations: 416

6. An Extended View

An extension of the prev iou s compu tations would be to determ ine the potential
coeffic ients from 5° mean anomalies by collocation. However , as the number of
observations then inc reases from 416 to 1654 , it is no longer a standard procedure
to invert the auto-covariance matrix of the system. Most compu ters cannot even
store such a large matrix. We are going to estimate the necessary computer time
as follows. In Table 5 the total number of necessary multiplications f (M) for
computing the potential coefficients by collocation to degree n o for M observations
are given. The direct method implies tha t the method of Cholesky is used for the
invers ion of the auto-covariance matrix. Let us assume that the total computer time

-: T ( M) is proportional to f (M). (We disregard the time needed for addition operations.)
Then we obta in from Tables 4 and 5 for fl~ = 20 (no elevation information included) :

T (1654) = 
T(4 16) f 116541 = ~~ 50~f (416)

Thus the necessa ry computer time is so large tha t we should really consider whether
it couid be reduced by mod ify ing the method.

-17—
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One possibility might be to determine the coeffic ients and their accurac y
estimates according to:

1~C ,~s hc
(6. 1) {~~~~ } 

= {~~~
T} 

~~~

and
cJh ~

(6. 2) 
~~~~~~2} 

= C0  - {c ; h3 }

where the vectors of unknowns (h~ and h~) a re given by:

C~ h~(6.3) 
~~C S } = ( C + D )

~~~h }

For each coeff icient to be dete rm ined, the we ights (h~ or h~) can be computed iterativel y
by the following fo rmula (cf. Miller , 1974):

(6. 4) hW~~~
) = h~~~+ $ [c - (C + D) h~~ }

Ml M l  Ml  MM

where

0 <  $ < 2/A~1,~
A .1 = maximum eigen value of C + D
ii = iterative step: 0, 1, 2 ,
M = number of observations (mean anomalies)

The starting value h~°~ for the iteration is most conveniently given in the spherical
approximation. By assuming that all mean anomalies are located on the mean earth
sphere of radiu s r 1 we arrive at the follow ing formula fro m (3. ib) after replacing
~g and ~ ~ by A~ and $,, ~~~~~~ respectively [cf. Rapp, 1977a , fo rmula (30) 1:

(6. 5a) 
~~~~ 

~~~~~~ 

h~j°~ ~~~
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where

(6. 5b) h~~
0) 

= 
1 

+ 2  55P C~. (sin~~) cos m A  d a
4i~y$~( r 8/r~)’ (n-i)

k

Substituting cos rn A under the integral by sin m A we obtain the weights
(h~~) for and coefficients S ~ in (6. 5b) and (6. 5a) , respectively. Even simpler
approximations are obta ined for:

/ r ~cos m A -,
(6.6) h k ’°’= (—f. ) p~ (sin~~) ,~_

). 
~~a~/ [ 4 -~- y (n- -  1)1re sin mA~

which formula is given from (6. 5b) by the app roximation :

cos mA cos m A..L. 55 P~ (si n co) { da 
~

- $~, P~ (s in~~) { -sin mA ’  sin mA
k

where ~ and A are given in (3. 7’). As the eleva tion of the highest mountain is less
than 0. 2~ of the mean earth radius, we can expect that the iteration error in (6. 4) is
insignifican t afte r a few ite rations. Again , i t should be emphasized tha t the spherical
harmonic coefficients so determined refe r to the Bjerhammar sphere (of radius rB )
and should be multiplied by (r6/a y~

4 2 in orde r to be consistant with other coeffic ient
determinations , whic h usually refer to the sphere of rad ius a = 6378 . 140 km .

In the approximate formula (6. 5b) and (6. 6) we have disrega rded the noise
covariance function D. When considering the noise ( ()\V ar ianc e function :

d (P ,Q) T d ~ $~~ ( r e ~/’rp rQ) P~ (coS ~~~

the follow ing weigh t function can be derived for the spherical case [see the Append ix,
formula (A .9) ] :

n + 2  c o s mA
(6. 7) h~~~= (L~) 

e n p~, (5in~~) { 
._ j- ~.ak/4 rT y (n—1)re c 0 + d ~ s i n m A

In the same way, if we assume that the errors between the blocks are uncorrelated,
the follow ing weigh t function can be derived [formula (A. 11)1:
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(o) ~~ak ra n+2 
~~ , — — 1cu sm A

(6. 8) h k = y(n- 1)4TT 2 rB 2(n+2 ) 
2 

Pfl . (S n
~~ k ) t j mX~c~ fl~ (~

) + (2n+1) E k

where

= estimated mean square error of the observation in block k.

By using the iterative fo rmula (6. 4) we avoid the inve rsion of the auto—covar ace
matrix. Formula (6. 5) is theoretically attractive in 1I~°~, because it impl ies that the
iterative coilocation is carried out w ith the solution of the integration method -~s the
original step.

Finally, we compa re the nu mber of necessary matrix I ~rations for computirLg
the coefficients and their accuracy estimates by direct col1o~ tti~n [fo rmulae (3. 4) and
(4. 3a -b) ] and the proposed iterative method [formulae (6. 1) , (6 .2) and (6. 3)1. In the
direct method the computations of the matrix inverse and the accu racy estimates are
the most laborious operations. For the comparison we assume that h(0) of (6.4) is
a priori given and that z~.’o steps are necessary in the iterative method. The numbers

• of necessary operations for a determination of the accuracy estimates to degree n o
[i. e. for (no + 1)2 coeffic ients] are summarized in Table 5 (the direct method in
accordance with Westlake, 1968, Table 7. 1).

Table 5

Number of Necessary Matrix Operations to Compute
Accuracy Estimates to Degree n o

Operation Direct Method Iterative Method
(Cholesky) [fo rmulae (6.2) and (6. 3)]

Addition M3— 2M 2 + M+ (M 2 -I- M)(n 0 ÷1) 2 [(M+1) M~~+M~ (no +1) 2

Multipl ication ~ M
3+ ~-M2 - M + 2M2 (fl 0+1) 2 (M 2 &i + M)(n 0 + 1)2

V = number of iterative steps
M = number of mean anomalie s
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As the multiplications are the most time—consuming ope rations , we limit the
following comparison to those figu res. Then we obta in from the table tha t the
iterative method is more effic ient whenever:

( M V 0 + 1 ) M ( n 0 + 1) 2 <~~ M~ +~ - M 2 - M + 2 M 2 (n o + 1) 2

From this inequality we obtain

(6. 8) ~ ø- < 2 M(Z/ 0—2)+ 2

or , approximately, for V 0 > 2

(6 .8 )  1l~~ < h 12 (I) o -2)  ~~1

Formula (6.8) is illustrated in Table 6.

Table 6

The Maximum Intege r (n 0) Satisfying (6.8)
for Va r ious M and £—‘~~~

M I ’0 2 3 4 5 10

100 70 6 4 3 1~
416 294 13 9 7 4~

1000 707 21 14 11 6
1654 1169 27 19 15 9
5000 3535 49 34 27 16

V 10000 7071 69 49 39 24

n 0 = maximu m degree of se ries expansion
M = number of observations

= number of iterative steps

The table shows that the ite rative method is favorable merely for up to 2 or possibly
3 necessary iterations. Howeve r , as earlier discussed , the available approximations
h(0) could very well meet such a requirement .
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7. Conclusions

Geopotentia l coefficient s determined by collocation were found to agree some-wha t better with the GEM 9 coefficients than the coeffic ients determined by pureintegration of 10° mean anomalies. This result Is probably due to the incorporationof a weighting of the observations with respect to their a priori accu rac ies. However ,this ga in is achieved at the cost of severa l times more compu tation time.

By the inclu sion of the elevation information in collocation , the coefficientsto degree 20 changed by 3% on the average . A surpris ingly la rge difference of 10~was obta ined for n = 3. The RMS changes of the undulation and the anomaly were
2 meters and 0.7 mgal, respectively. In general , however , we m ight expect tha-~. the
10° blocks give a too rough approximation to the topography to re cal any moresignificant magnitudes of the changes of the coefficients whc i -. luding a correctionfor the topography (the Molod enaky G 1 term) . A possible explanation of the 10%differences for n = 3 in various methods might be the non—symmetric distribution ofthe continents between the northern and the sou thern hemisphere.

From the comparison of the coeff ic ient accu racy estimates for variousmethods (Table 3) we conclude that the error covariances between the mean anomaliesshould be taken into account in the computations by direc t integration. In collocationit seems less important to include these covariances in the computations.

A natu rai continua t ion of the above study would be to compu te the coeffic ients
for 5° mean anomalies by collocation. Howeve r , due to the difficult task to Invert anauto-covariance matrix for more than 1600 observations , the origina l method shouldfirst be modified accord ing to the iterative method described in section 6. The methodincludes the solution by integration as a prelimina ry step. As this technique avo idsthe invers ion of the auto—c ovariance matrix , a considerable gain in computer time canbe expected. Anothe r possibility would be to determine the auto-covariance matrixin an iterative way.

V 
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~pp~ndix

It is desired to determine the spherical ha rmonic coeffIcients
(referring to the Bjerha mmar sphere of radius r9) implied by a mean
anomaly field ~~ on a sphere of radius r•. The following cova r iance
functions are given:

A 1 f c0 1 — 
f  coy 

(~~~~~~
‘

~~“ 
3•

~~) ~ = b f ‘~( . 

~~~ ~ 
— 

~~~~~ ~~~~~~~~~~ 
j  ~~~~~~~~~~ 

Y~ • ( P)

where b~’ c~’$,’ /y(2n ’ + 1) (n ’-l)

= P - f . 1 (Sin ~~~ {:~: ~~
(A.2)  c(Q, P) = coy (~~~ ,~~~ ) =~~~c~ A~ (r92/rQ rPf ~~ p,(cOs ~~,.

(A. 3) d(Q, P) = COy ( E q ,Ep)  =~~~

‘ 

~~~~~~~ (r 92 /rQ rp?~~ P~(cos ~~~

The solutions for •‘and~~ -~’by the method of least squares
collocation are given by (see Sjoberg, 1978)

(A.4) ~~~~~~~~~ =

where the weight functions h~ (Q) and h5 (Q) are given by h(Q) of the following
Wiener- Wpf integral equation s

(A.5) {
cc } (p) =

A A
Proposition 1: The weight functions for C ,, and S~, in (A.4) Implied by
(A.1)  - (A.3) and (A.5) for z~ = rq = r• = constant are given by:

(A .6)  h(Q) = c, Y,.(Q) / yfl~(n-1)
\ r ë / c~~+ d ~
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Proof: We expand (A. 2) and (A. 3) accordingly:

(A.2’) c(Q,P) — 
~~ 

••~~~•& 
(
~~~

)
2 ( n + 2 )  

Y~,(Q) Y,,,(P)

~ =1 ,=— ,

and

(A.3’)  d (Q P) = ‘5’ )
~
‘ 

~~~~~~~~~ 
~~~~~~~~~~~~~ ‘~~~~ Y ,,, (Q) Y~~~~(P)

,-~~ •~~_~~2n+1 \r , /

(A .?)  I rr ~ = (1 i f n = p a n d m= q
~~ L o  otherwise

Inserting (A. 1), (A. 2 ’), (A. 3’) and the expansion

h (Q) = h~, Y,,(Q)

into (A .5) we obta in from (A. 7):

(A.8) b~~( rb /r ,)~
’+2 Y,. .’( p) = 

~~

‘ 

Ii,, ~~~~ /r,)2(~~
2) 

Y~~, (P) 
V

This identity is satisfied by

c,, 
(!~~c

+a
/y $,(~~1) f f f l . f l, afld m ,

h,, = 1c~ +d~ r8 i
I. 0 otherw ise

The proposition follows from this result.

Using the follow ing approximation (ef. Meissl, 1971, pp. 22-23)

i_ 
~f 

“n • ~~~~~ ~~‘ ~‘ 1 ~~~~~

where Q Is the center of the block Ao , we obtain the following relationfrom (A. 6):

(A . 9)  ~~~- Li h(Q) do = Y, .( Qk ) A~ /41tV(n-1)

______________ 
_____I L ~~~~~~~~~~~~~ 
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Corollary 1: For d(Q,P) of Proposition I replaced by

d(Q,P) = E
3 (Q) 6(~~~ p

where ô(4~~) is the Dirac delta function , we obta in

‘A 10’ hiQ~~ = c~8~ f r 8  
~~~~~~~~ 1

• ‘ ‘ y(n—1) kr,) ~~~~~~~~~~~~~~~~~~~~~~~~~ Y~,(Q)

Proof: As

~~

_ $$ E
2 (Q) §(~~,) Y~~,(Q) do~ = E2 ( P) Y~~(P)

formula (A. 8) becomes in this case

b~~ (r 8/ rJ 1 ’+3 Y~’,~ (P) ~~~~~ (
~

-
~

-
~
- ~~

and the proof follows afte r noting that

h ,.~, = 0 for n ~ n ’ and m  ~
‘

In accordance w ith formula (A.9) we obtain in this case:

(A.11) h(Q) do 
1 (h )n+2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

A A
Proposition 2: The erro r estimates for C~, and S~, of (A. 4) and (A. 5) are
given by

= Co $5$rh(Q)h(Q~~{c(Q,Q~~~(Q,Q~~} daq daq

where C0 is the a priori variance of the coeffic ients.

V PToof : We consider only the estimate C a,.

= E f( c -~~~)2 3 = E [~~~~) + E f ~~~) ... 2E ~~~~~~~

-27-

— -  - . ., - -
• ~~~~~~~~~~~~~~ ~~~~~~ -- .-• •. _ , - - _ ~ V - • ~~~~~~~~ •

•~V - -  -
L ___________ ~==~•~ ~~~~ •~•j . ~~~~~~~~~~~~~~~~~ ~~~~~ V V ~~~~~~~~~ V L ~~~~~~~~ ~~ u.u~.Ir ~~~ ~~~~~~~~~~~~~~~



- - - -
~

—--- ---- -•- - ~~
- - — -

~~~~~~
--

~ 
- -  —--- - - -  __

r 2 jwhere E t C~. = C0

E f C .~ 11 = 
~~~ 

j’J’ jj ’h Q) h(Q ’) E f~~ ~~~ ,3 da~ da~’

= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

and E = ~.-j$h(Q) ~~~~~ ~~~~ J d q ~

= jL$j h(Q) Cc(Q) dcx
’

= j -~~ -f$ $ f I~Q) h(Q ) fc(Q,Q)+d (Q,Q) 1d~~ da~-.

From these deductions the proposition follows immed iately.

‘ 1
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Table A. 1: Fully Normalized Geopotential Coefficients Determined
from 416 10° Mean Anomalies by Colloca tion. No Mean Elevations
Included. All Coefficients multiplied by 106. a = 6378140 rn .

II N C B 8IC~t6 RICflA P N C B 8!CrtA 8107*6
2 -403.4400 0.2016 .
2 I 0.3000 —0.0904 0.1790 0. 1708 2 2 2.4400 —1.0057 0. 1678 0.10378 0.7*55 6.2304
3 I 1.3949 0.1234 9.2263 0.226* 8 2 1.1793 —0.4719 0.2263 0.2243$ S 0.750* 1.5310 0.2*93 0.22113
4 0.0987 0.1324
4 I —0.4564 —0.4037 1.1219 0. 12*1 4 2 0.3170 0.3939 0.1225 0.12274 3 0.7931* —0.3966 I.Il(- 0 0.1100 4 4 —0.2243 0.4.66 0.1*51 0.1*4*5 0.2236 0.01196
S I —0.1316 —0.2482 0.882* 0.00*1 1 3 0.4*07 —0 .20*6 0.011211 0.01124
5 0 —0.2440 —0.1369 0.001* 0.0811 5 4 —0.0921 —0.0271. 0.077* 0.0709
O 5 0.1064 -0.4974 0.0740 0.0766
6 —0. 1376 9.0340
4 * 0.1*20 0.0035 9.0466 0.0431 4 2 0.21116 —0.3645 0.0444 0.0459
4 5 —0 .0*73 -0.0623 0.0439 0.0435 6 4 —0. 1600 —0.4041 0.0426 0.0425
• 8 —0.3769 -0.5370 0.0365 0.0396 6 6 0.0097 -0.2402 0.0311 0.0370
7 0.2002 0.0541
7 I 0.20*0 0.0406 0.0513 0.9510 7 2 0.2850 0.1194 0.0497 0.0499
7 3 0.1615 —0. 1805 0.030* 0.030* 7 4 —0 .1572 —0 .1060 0.9490 0.0489
7 5 9.91196 —0.0060 0.9466 0.0472 7 6 —0.3010 0.3000 0.0440 0.0449
7 7 -0.0325 —0.0921 0.0409 •.0449
0 0.0422 0.0441
Ii I —0.0423 0.0513 9.9402 0.0400 9 2 0.1353 0.0995 •.939~ 0.9404
O 3 0.0784 —0 .02)4 0.031*8 0.03113 S 4 —0.2*01 9.05*5 9.0392 1.03117
O 5 —0.1176 0.0343 0.0366 0.0:173 0 0 —0.9806 1.19118 0.0358 0.0334
0 1 0.9305 9.07*3 0.0338 9.0336 0 0 —1.14*7 1.1911 9.0345 0.0380
9 0. 1334 9.8409 -

0 I 0 *723 —4.0220 1.031*2 0.030* 9 2 0.1171 —1.1643 0.0:1110 0.0104
O 0 —0. *706 —0.0303 0.0373 9.0372 9 4 -1.03911 0.0491) 0.0360 0.036:1
9 5 —9.0572 —0.03:16 0.0:162 0.0101 9 0 1.0*114 0.182.; 9.0347 0.0344
9 7 —0.0*123 —0 .0215 1.03 :16 0.03:10 0 U 0.203*1 0.0065 0.0527 0.0324
O 9 —0.0*59 1.0237 0.0:1:13 o.o:*ss

*0 0.0:103 0.030*
IV I 1.1146 —0.0*4 1 0.0324 0.0321* II 2 -0.0657 -0.0451 0.0124 0.0926
SO 3 —0 .04*6 —0.0004 9.03111 0.0359 II 4 —0.0674 —0.0968 1.1:189 0.0303
II) 5 —0.026 * — 0 .0* 5: ;  0.0:11,1 9.0506 10 6 —0.0475 —0.0479 0.0299 0.0Z9(.
*0 7 0.0*124 —0.01117 0.02711 0. P2~ 9 *0 II 0.04*3 -0. 0533 0.0275 0.0270
II 0 0. 1013 -0.0222 9.0263 0.0265 II *9 0.1159 -0.0309 0.9277 0.0274
II —0.09:13 0.9896
II * -0.02*4 1.0107 0.03*0 0.0311 II 2 -0.02*9 —0 .0422 0.0857 9.03*0
II 3 —0.0747 —0 .1126 •.o:is* 0.9304 II 4 —0.1044 —0.071*7 0.0302 0.9299
II 5 0.0*25 0.0074 0.02*18 0.0292 II 6 —0.1 *12 0.0*00 0.0209 0.0207
II 7 0.9373 —0.1030 0.0279 0.02110 II I) 0.0092 1.0613 0.0200 0.0263
II 9 —0.9456 0.00*1 0.0263 9.0264 II *0 —9.0269 •.Il9~ 0.0263 0.0233
II *1 0.0760 —0.0*64 0.021* 0.027*
12 0.0330 0.032*
*2 I -0.02*3 —0.0334 0.0297 0.0298 *2 2 0.0033 —9~~3 9 0.0305 0.0300
12 0 0.0091 0.0367 0.0290 0.0294 *2 4 —0 .0653 —0.0843 0.02110 0.021*7
*2 5 0.0514 —0.0023 0.92*1* 0.021)3 12 6 9.0253 0.0406 0.0275 0.9272
*2 7 -0.0240 0.0267 0.0212 0.027* *2 I) 0.0*00 9.0264 0.0263 0.0261
*2 0 0.9*06 0.0169 0.0252 0.0211 *2 *0 —0 .0094 —0.0265 0.0234 0.0203
12 II 0.005*0 0.0064 0.0210 0.023* *2 *2 0.0*34 —0.009+ 0.0260 9.9264
*8 0.0473 0.0303
*3 I -0.90*6 0.1106 0.02*10 0.0292 *3 2 0.0005 —0.04*4 0.0280 0.0293
*3 0 —0.0*44 0.042* 0.021*7 9.0286 *3 4 0.0019 —0 .0060 0.0277 0.0275
53 5 0.0086 0.00,7 0.921* 0.0213 *3 6 -0.0246 —0.908+ 0.02*3 0.0265
13 7 -0.0t7* 0.9137 0.0250 1.0210 *3 0 —0.0231 9.6300 0.0230 6.0235
*3 0 —0 .0*40 0.0334 0.0240 0.0247 *3 *9 0.0359 —9.0*49 0.0243 0.0240
*3 II 0.9043 0.920 * 0.0245 0.0246 *3 *2 —1.1016 0.0043 0.0242 0.0245
18 *3 —0 .034) 0.0637 0.0217 9.0240
*4 0.0000 0.02110

~~~~~~~
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Table A. 1 (continued) 
~~~~~~~~~~~

T1US PAG~ IS BFS

~~~~~~~~~ 

V -

*4 1 0.9204 9.0004 9.6274 0.9209 4 2 —0.031)? -0.0173 0.0272 3.0 2
*4 5 0.0096 0.00*12 0.0272 9.0270 *4 4 -0.00*6 —0.0200 0.02~~) 9.3260
*4 5 0.0*47 —0.4070 0.0254 0.0214 14 0 —0.0083 0 4)9*0 9.025 1 g . l~~5t,
*4 7 0.9149 —0.0*40 0.0242 0.0241 14 0 —0.9276 —0.0234 0.024 : 0.4237
54 9 0.0534 0.04*6 0.0234 0.0234 *4 10 0.0160 —0.00% 0.02~ 3 3 .0’~..511 0.0336 —0.0752 0.0224 9.0223 *4 *2 0.001* —0.0203 0.02271 0.023’
*4 *3 0.0361 0.0281 0.0220 0.0228 *4 *4 —0.0*7* 0.0*17 0.0244 0.924’~55 —0.4027 0.0269
15 I 0.0337 0.02*9 0.0270 0.0214 *5 2 0.0043 0 .0* 39  0.0264 .0267
5? 1* 0.0441 0.0452 9.0262 0.92*2 15 4 0.0943 —0 0~~’) 0 . 0 2’.0 0.02311
*8 5 0.v999 0.0*33 0.0247 0.0249 IS 6 —0.0070 - ~~~~ 4 5 V ’ 4 5  9 494.4
*5 7 0.934.?) •.0I1I) 0.0240 0.0289 IS 0 —4.049? j.01911 0.0224 4.923 1
10 0 0.0024 0.040.1 0.0230 0.~~29I 55 *0 -0.02’ ~a .009’-: 0.9226 S.822(
*3 II —0.004:) 0.4114 0.0223 0.0220 II 12 —0.0 9 0 0646 0.9220 0.823*
IS *3 —0.94*21 9.0)77 0.6221) 0.0226 II *4 0.0*!, -0.02*2 0.022? 0.1)227
*8 *5 —0 .0263 0.0003 0.0244 0.0243
*6 0.02*4 0.0214
*0 I -0.0093 0.0*10 0.021.7) 0.0210 *4 2 —0.0*06 0.00(9 (5 .0258 0.0258
*6 3 —0.0*16 0.0245 0.0234 0.0256 *6 4 0.0954 0.06 59 0.4232 0.9252
*6 5 —0.0123 0.1211 0.0245 0.0243 *0 6 —0.00*0 —0.0:1*5 0.e317 0.0219
16 7 -0.0118 -0.9064 0.0236 0.9296 *4 8 —0.0502 0.0349 0.0250 0.0221
*4 0 -0.0049 —0.9509 0.0222 0.0224 *4 70 -0.0059 —0 .0083 0.0224 0.0223
*6 II 0.0064 —0 .0*04 0.022 * 0.92*7 6 *2 0 . 0* 6*  0 .00*2 0.02*1 0.0216
5* *5 0.001; 0.9153 0.922 % 0.02*5 *6 *4 —0.00)3 -0.0289 0.0225 0.0224
*0 *5 —0.0090 —0.0:1:53 0.02:1* 0.02*9 *6 *6 —0.0*78 —0.0*12 0.0242 0.0244
I? 0.0019 0.0507
*7 1 0.0034 0.0228 0.024)6 0.0291 II 2 -0.0307 0.0*73 0.02*7 0 .02*7
*1 5 0.9010 -0.0140 0.0270 0.0270 *1 4 -0.0*94 0.020*1 0.923 5 0.0290
IT 5 —0.9*63 O 0 I * 4  0.0247 0.024*1 Ii 4 —0.0207 —0.035 * 0.9228 0.0230
*7 7 0.0*92 -0.028* 0.828 1 0.0252 *7 II 0.02*3 —0.0892 0.0226 0.0224
IT 0 —0.01114 -U.0~136 0.0:11*; 0.0223 *7 16 —0 .0110 0.0*2*1 0.1218 0.92*7
I? II -9.00*3 0.011:14 0 . 4 ) 2 * 9  0 .02*4  *7 (3 —9. 0564  0.004.2 0.0313 0.02*2
17 * 3 0 .6* 74  0 .0*4 )2  0.0223 9.02114 17 *4 —9.0420 *1.0*09 9 .02*3  0.4)2)3
*7 *3 0.01)6 0.0572 0.02:15 9.0245*1 *7 14 -0.0112 0 . O i 4 I  0. 9229 0.0223
*7 *7 —0.03(2 0.4,001 0.02:18 5, 02:4 ?
III 0.094.’) 0.0:102
Ii) I —0.0*99 —0.0390 0.0*1.5 0.0*61 *0 3 -0.0054 0.0039 0.0309 0.0:*o9
Itt S —0.903*1 -0.0*97 9.9*1*8 9.9134 )0 4 0.006+ 0.0083 0.0292 0.0294
*8 5 0.9044 1.6138 1.01142 0.0503 *8 6 0.0564 —0.0022 0.0256 0.0236
Ia 7 -0.00*6 -0.0010 0.021)6 0.0286 III II 9.021)3 -6.0076 0.0229 0.0220
*1* 0 0. 0038 0.0001 0.02*9 0.0253 III *0 0.011*4 -0.0049 0.02*4 0.02*3
UI II -9.02* I —0.6071. 0.02*3 0.020* IS 12 0.0063 —6.0571 0.0211 0.0250
11* 13 -0.05)32 -0.0520 0.0223 0.01111) *0 14 0.0022 —0.0*93 0.0209 0.02*0
*0 IS -0.04*0 -0.4)271 0.02:3? 0.01112 18 *6 0.0160 0.0129 0.02*9 0.0257
III 57 0.009 * —9.0897 4.0229 0.02)7 II) II) —0.9041 — 0 .05*1. 0.0292 0.01515)  0.4500 5 0.0239
*9 I e on.,:; 6.1)176 9.02*6 0.02*7 *9 2 9.0208 —9.01)94 9.9247 9.1)247
19 3 0.0007 —0 .0*31. 0.32:57 0.02:57 J~ 4 9.0*6+ —0 .0*16 0.0)9? 0.0*97
.19 0 —0.0089 0.0049 0.0269 0.4)25.9 *9 6 0.0063 0.0300 0.0*4.0 S.0%f.0
II 7 -0.0026 0.4)843 0.0259 0.6259 *9 1* 0.0220 o .oo * : .  0 .9*79  0.9579
*9 9 0.00)9 0 99:19, 0.0224* 0.0231 19 10 —o.op :*s —0.0042 0.0*98 0.0I’II*

II 0.0003 0.9960 0.02*0 0.0201) 59 52 —0.002* —0.e4*:Iss 0.0*84 0.0202
*9 *3 0.0071 —0.02111 0.U2~I0 0.0*73 19 *4 0.0)59 -0.081.6 6.0202 9.02.5:1
IV *3 9.04)4)9 —0 . 44(31 9.024 * 8.1)14.3 19 56 —*5.0247 0.051*59 0.020)) 0.0206

* 9 *7 0 .0*4*9 —9. 0004 0.0214 45 .02 53 19 *8 e...a:I6 —0.0092 0.0290 0.0*97
*9 19 0.4)191* 0. 4)093 9.9226 0. 45226
24) —0.0016 •.oz:I4

-0.0119 —0 .001* 0.0216 0.02)6 ‘0 2 -0.0031. 0.0033 0.022? 0.1)227
20 3 —0 .9016 0.0097 9.0283 0.0233 20 4 —0 .0055’ —0.0*9:5 0.0*18 0.0*98
29 0 —0.04)40 0.4)0*5 0.02:50 O. 023~

) 20 6 0.0113 0.00:16 0.5)22* 0.022*
20 1 —0.9179 -0.04)68 0.0178 0.0579 20 8 0.0069 -0.05)29 9. 0244 9.0245
20 9 0.021)2 —0.4070 0.0161 0.0*1.3 20 0 —0 .0000 0.0542 9.0221) 0.022*)
20 II 0.022* 0.0031 0.01*12 9.0*82 20 52 —0.0191 0.4)070 0.9:106 0.03*4
29 *3 0.0039 -0.8004 0.9222 0.0162 2 0 * 4  0.9123 —0.00)9 0.9)955 0.0190
20 II 0.0005 —0.04574 0.0220 0.0*10 20 *6 —0.0*63 -0.0090 0.0200 0.020*
29 *1 -0.00*4 0.11067 0.0202 0.0202 20 10 -0.0094 —0.0*09 0.02*8 0.0*9*
20 l~ —0.00~l3 0.004* 0.4)201* 45.020*5 20 20 0.0152 0.0049 0.02*7 0.02*3
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Table A. 2: Fully Normalized Geopotential Coeffic ients Determined
from 416 10° Mean Anomalies by Collocation. Approximate Mean
Elevations Included. All coefficients multiplied by 106. a = 6378140 m.

N (5 C 9 9*611* BICIIA N N C 9 81C11* 9563*

2 —483.468* 0.22*2
2 I 0.272! -0.0049 0.2090 0.2*96 2 2 2.38*0 —1.3976 0. 1027 0.1006
O 0.6295 0.1772
3 I (.0000 -9.0205 0.1730 0.1604 3 2 1.3741 -0.6~~(2 0.1674 0.1690
0 3 0.6623 1.5512 0.151*0 0.1662
4 0.0639
4 I —0.4493 —9.3807 0 .1901 0.0967 4 2 0.3700 4.4063 0. 5036 0 .10*9
4 3 0.7904 -0.3962 9.0947 0.0976 4 4 —0.2559 0.3966 0.0968 0.09533 0.2030 9.0702
5 * —4. 1429 —0.2469 0.0699 0.0673 3 2 0.4538 -0.597*9 0.0725 0.5705
5 1* —0.2435 —0.5402 0.0694 0.0709 5 4 —0 .OOI I  —0.0495 0.0662 0.0643
5 5 0.1190 -0.4990 0.9657 9.0667
4 -0. *464 0.0583
* I 0.1115 0.0490 0.04(U) 0.0406 6 3 0.2176 —0.359* 0.6496 0.044*9
6 3 -0.0168 —0.0632 0.64557 0.04113 6 4 —0.1730 -0.4046 0.0455 0.0439
6 5 -0.3*537 -0.5336 0.0399 0.0424 ~ 6 0.0041 —0.2293 0.0402 0.64*7
7 0.2042 0.0504
7 I 0.2090 0.5453 0.0473 0.0460 7 2 0.2941 0.1235 0.0450 0.0450
7 3 0.1597 -9.1926 0.0452 0.0433 7 4 —6.151)2 —0.1 7 14  0.4450 0.0444
7 5 0.0035 -0.00* ! 0.0421 0.0434 7 ~ -0.3994 0.2039 0.0410 0.04.5

7 —0 .0367 —0.0903 0.0411 0.04*4
o 0.4)410 0.9438
U I -0.0450 0.0344 •.09’45 0.039 5 8 2 0.1371 0.1005 0.03119 0.0392
II 9 0.0705 -0.0220 0.03741 0.0313 3 4 —0.2114 0.0454 0.03116 0.0378
*5 3 -0.5(93 6.6311 0.0339 0.0369 0 6 —0.0*163 0.2066 0.0347 0.0345
O 7 0.0445 9.0733 1.0336 0.0328 0 *1 —0.1438 0.0939 0.9344 0.938*
‘4 0. I37? 0.039*
‘4 I 0.577(1 -0.0223 0.0364 0.03*0 9 2 0.1160 —0.0*106 0.6360 0.0365
4) 3 —0.1794 —0 .44320 *5.0891 0.0:530 9 4 -0.06(9 0.8350 0.0348 6.0:443

S -0.03.14 -0.4I?16I 0.8:14:1 0.0349 0 6 0.9807 0.5*525 0.0:536 0.0323
‘7 7 -0.0827 -0.922:) u.o:I40 0.0:1;? 0 *1 5.204) 0.0972 0.0:110 0.0364
9 9 — 0.6179 0.0232 0.03)4 0.0357
IV 0.0264 0.0:113
IS * 0.1 155 -0.44(75 0.03211 0.03211 *0 2 —0.0667 —0.0426 0.0323 0.0326
II) 3 -0.0459 —0.0918 0.0359 0.9319 10 4 -0.0704 —0.091*0 0.0309 0.0305
10 5 -0.4)270 —1.0 111) 0.0302 0.0307 *0 6 —0.0492 —9.0493 0.0299 9.0297
10 7 0.4)4120 —0.0205 0.0279 0.0274) *0 0 9.0456 -0.0524 0.0277 0.0272
‘0 9 0.503* -0.0220 0.0265 0.0267 10 10 0.1172 —0.0235 0.9270 0.0273
1 —0.0966 0.0392
I $ -0.022* 0.0074 0.9307 0.0301 II 2 —0.024)3 —0.0025 6.03*2 0.0354

0 —0.074* —0. I140 0.034)2 9.0300 II 4 —0.1039 —6.019*) 0.0297 6.0294
5 0.0114 0.0070 0.0206 0.02811 II 6 —6.0(01 9.0094) 0.02*15 0.0283
7 0.0372 —0.1033 0.0276 0.0274 II 0 0.0099 0.064)9 0.0263 0.0250

I 9 -0.0494 0.0112 5 9.0250 0.0261 $1 19 —0 .0250 0.0526 0.0260 0.0250
I II 0.0765 —0.0569 0.0267 0.0269
$2 V 0 0312 0.131?
*2 I —0.0245 -0.9337 0.4)204 0.0293 52 2 0.0053 —0.0303 0.0200 0.0302
*2 3 6.0114 0.03*18 0.02)0 0.0280 *2 4 —0.0650 —6.0336 0.02*13 0.02712
*2 5 0.0565 —0.0022 0.0275 0.0270 *2 6 0.0272 0.0490 0.0270 0.0267
*2 7 —0.0249 0.0277 0.0267 9.9267 *2 8 6.0101 0.0269 4.0239 0.0256
12 9 0.0100 0.0590 0.0243 0.0246 12 $0 —0.0092 —0.0274 0.0250 0.0248
$2 II 0.011)3 0.0060 0.0246 6.0247 *2 *2 0.0140 —0 .0(0* 6.0261 0.0260
13 0.0460 0.6299
II I —0.0028 0.05(53 0.02*54 0.62*17 *3 2 4.0090 —0.0421 0.02114 0.02*19
*3 3 —0.0*21 9.04 13 0.0293 0.0202 53 4 0.0024 —0.0069 0.0273 0.0270
*8 5 0.0593 0.0466 0.024,6 0.0269 53 6 —0.0245 —0.0042 0.626% 0.0259
IS 7 — 0.0172 0.0*63 0.0255 6.0234 13 0 -0.0234 0.0199 0.0234 0.0236
*3 9 -0.0*37 0.0347 0.0244 0.0243 53 II 0.0331 —0.0*29 0.02:59 0.4.2:13
$3 II 0.0047 0:0204 0.024 5 4.0242 13 *2 -0.0004 0.8964 0.0230 0.024)
53 13 —0.O?145 0.0630 0.9253 0.0256
*4 -0.0007 0.0201
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Table A. 2 (continued) THIS PAG~E IS BEST QUALITY 
PRACI1CABL~

7$~(** CO.~Y $~LSkiE~ XQ J)~Q ~~~ —

*4 1 0.0(92 0.0074 0.0277 0.02110 *4 2 -0.0379 -0.0l~ 4 4.92~~ O . 0 . P ,
14 *1 0.0103 0.004)3 0.0272 *5.027* *4 4 -0.00*4 —45.0273 0.9269 0.4)26!
(4 5 0.0*57 —0.4*069 0.0255 0.0235 14 6 -0.0092 0.u0;3 4.e2~~I €.025*
14 7 0.0334 —0.5143 0.0243 0.0242 14 0 —6.0273 —0.0243 0.024! 0.0236
14 9 0.0157 0.045% 0.0236 0.02*15 14 10 0.0*5? —0 .00 .44 0.0230 0.0226
$4 II *5.0327 —0.4)742 0.0225 0.0223 *4 12 0.0005 -9.0204 9.023~ 0.0222
*4 13 0.0*170 6.094)6 0.92:10 0.0230 14 14 —4.0*84 0 .0 5 2 3  0 .0249 0.02-1?
II —0 .00:56 0.0269 V

is i 0.0:140 0.0267 0.0270 0.0273 55 3 0.04)47 0.0*27 e.e: .• ...024.I1
*3 2 0.0446 0.0449 0.0262 0.026:, *5 4 o.oo:iI _~ V 9)9  0V U . ~~~l 0.02311
53 5 0.053)4 0.0533 0.0247 0.0246 IS 6 -0.007*1 3 V ~~~233 • .3~~49 0.0244

7 0.0354) 0.0124 0.0229 0.02:5, IS 8 —0 .94 3~ 0.0394 5. 6234 0.0225
II 9 0.002? —0.0024) 0.02:50 0.4)232 IS *0 — o . c  ..~ ~~4) V C t P 4 1 4~ 0.0226 0.022*
IS II —0 .0064 4.010? 0.0223 0.0220 IS *2 —0 . -87  6.0649  0 .022*  4)
II 53 —0 .0579 0.017’) 0.0229 0.0226 IS *4 0.0419 —0.0200 0.0227 U.02~7IS *3 —0 .0262 0.0071 0.0243 0.0243
*6 .5.024)5 0.0234
I.. I —0.00*59 Loll? 0.02611 0.0279 $6 2 —0.0503 9.0033 0.023*! 4.02351
If. 3 -0.0*74 0.452:52 0.0296 0.0206 16 4 0.0341 0 .06*9 0.9252 0.021!
16 5 —0 .0111 0.4)204 0.0243 5.0245 *6 6 —0.0026 —0.0322 0.4237 0.039)
16 7 —0.0*23 —0.0,535 0.0233 0.02:56 16 8 —0.054)5 0.0338 0.0239 0.0228
16 9 —0.04152 —0 .05*16 0.0223 0.0226 16 *0 —0.0062 —0.0043 0.0224 0.0223
16 II 0.004,4) —0 .0113 0.022! 0.0217 16 12 0.0556 0.0005 0.0250 0.0236
16 *3 0.0050 0.0103 0.022* 0.02*3 16 *4 —0.00*9 —0 .0258 0.6225 0.9225
*1. *5 —0.8507 —0.0338 0.5231 0.02*0 56 (6 —0 .0173 —9,0*73 0.0942 0.0244
*7 0.0020 0.0597
I? I 0.0053 0.0226 0.0295 0.0206 17 2 —0.03515 0.0*76 0.0217 0.02*7
I? 0 0.0048 —0.41*44 0.6270 0.0274) IT 4 —0 .0186 0.0308 0.022 1 4.023*5
I? 5 -0.0161 0.0111 0.0247 0.0243 *7 6 —0.0213 —0.0257 0.0228 0.0229
*7 7 0.0580 —0.02:51 0.0235 0.0231 *7 7* 6.02*1 -3.004)3 0.0225 0.022;
I? 9 -0.0175 -6.o:*ss 0.02*7 0.0222 57 *0 —0.0110 0.0127 0.021? 0.0217
II II —0.0011 0.0035 0.02*0 0.02*4 *7 *2 —0.0561 0.0002 0.025:, 0.0252
*7 I:, 0.011*0 0.0*03 0.0222 0.024)4 *7 *4 —0 .0126 0.05*13 0.0273 0.0218
*7 IS 0.0546 0.0366 0.02:13 0.09i5*l *7 (6 —5 .0* 12 0.0*24 0.0222 4.0229
I? *7 -0.41:114 0.0(90 0.02:111 0.02:17
III 0.04)66 4.0302
I II I —0 .0200 —0.03045 0.4)565 0.0*4.6 III 2 —0.0034 0.0042 0.03449 0.0:5(59
III 0 -0.004.11 —0.0506 0.0133 0.0539 Ill 4 0.0041,5 0.0037 0.02,7 3 4.0292
III 3 0.0045 0.0143 0.0191 9.01112 III 6 0.05(5 —0 .04)27 0.0236 0.025*
III 7 -0.04)15 —0.04522 0.02113 0.0206 *4) II 0.02111 -u.0077 0.0229 9.022(1
III 9 0.0063 0.4)094 0.0210 0.0254 II) *0 0.05*44 -0.0042 0.0214 0.0213
*9 II —0 .0250 —0.4)074, 0.0232 0.024),) III 12 0.04,36 -0.0172 0.0211 0.0209
Ill (3 -0.45035 —0 .44123 0.0223 0.011115 *0 1$ 0.0022 —0.0194 0.0209 0.02*0
*11 *3 -0.04*3 -0.0291 9.02:17 0.0)02 II) *1. 0.4*03 0.0526 *5.0214 0.0257
III 17 0.00911 — 0.0093 0.0220 9.0257 1*1 III —0 .0044 —0.0124 0.0292 0.0150
I1 —0.0(43)0 0.4527.9 -

*0 I 0.0450 1 4 .0(74 0.0210 0.025 ? 19 3 0.0209 —0,009(5 5.9247 0.0247
IV 3 0. 4) 04 5* -0 ,01:11% 0.021*1 0 .02:17 (9 4 0.01611 — 0 . 0 5 4 6  f t . 0 I ’ JT  9.0*96
II 5 -0.04)1*4) 0.0049 14 .0209 45.u34.9 *9 6 0.00.3* 0.1710b 0 .45150  0.4514, 4)
IV 7 —0.4)025 0.04)42 0.0299 U .4239 (9 0 0.0222 0 .00* 7  0 . 0 5 7 4 )  0.0*10
(9 ‘4 0.4)049 0.4104.1 0.0227 0.442:50 *9 *0 —9.0*34 —0.009 , 0.01011 0.0197
I’) II 0.000? 0.04)31* 0.0210 0.024)1) $9 52 —0 .005*1 .V .’.bu:4 , 0.9204 5.0203
59 50 0.04)112 -0.02’14 0.02:30 0.1)174 19 14 0.0*4.! —0. 04)65 0.0201 0.0902
*9 55 0.00*0 —0.014,0 41 .0241 0.016:1 *9 *6 —0 .0242 9.009* 0.02071 0.0306
IV I? 0.0)94 —0.0063 0.0214 0.02(2 19 II) 9.0336 —0.004)2 0.0239 0.45*9*
I’I 19 0.0l9°~ 0.04)95 0.0226 0.0226
90 —9. 04)5 6 0.02154
30 I —0.0529 —0.4*1)116 0.0216 0.0256 20 2 —0.0036 0.0029 0.0221 0.0227

15 -0.04.7.. 0.0411)1 0.03:53 0.02:4:1 20 4 —0 .0947 —0 .05*1? 0.0*98 0.0*95*
29 5 -0.0040 0.0011 0.82:30 0.0280 20 6 0.05(6 0.0033 0.o224) 4.0220
24) 7 S.0I~~ —0 .04)69 44.01711 0.01?’, 24) 0 0.4.069 0.0024 0.0244 0.0243
24) 9 0.02(54 —0.0077 5.0*00 0.0162 20 *0 —0.00*3 0.0(43 0.0220 0.92211

V 23 1$ 0.021*0 0.0037 0.0582 *5.0*1*2 20 12 —0 .0*9* 0.0000 0.0206 0.0204
2.’ *2 0.0040 -0.004)6 0.0223 0.0162 20 54 0.4)123 —0 .0015 0.0198 0.6500
2~
, IS 0.00115 -0.0060 0.0224) 0.053) 20 $6 —0 .051.? —0.0084* 0.0290 6.020 *28 17 0.0016 0.9015 0.52412 0.024)2 20 *13 —0,0096 —0 .0197 0.0917 0.0196

20 (9 —0 .0022 0.0006 0.4208 0.02011 244 24. 0.0553 0.04144 0.0257 9.62(5
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Table A. 3: Fully Normalized Geopotential Coefficients Determined
from 416 100 Mean Anomalies by Collocation. No Elevations Included.
Noise Covariance Matrix D 0. a 6378140 m. Coefficients
multiplied by 106.

11 15 C S SICOfs 6*CrOt *3 N C 57 8*6111. 8*6*11.

2 — 483.2466 0 . 12 4 3
2 I 0.2343 0.9731 *5.09.3 0.00116 2 2 2.4441 —5.4626 0.0075 0.0068
3 0.7037 0.1927
2 I 1.796(4 0.0687 0.2 0s7*  0.2093 3 2 1.16(12 —0.4638 0.2192 0.2093
9 3 0.7672 1.8693 0 .20 43 0. 2100
4 (.0257 0 . i t ~~74 1 -0.4483 —0.1*936 9.l44~ lI 0.1076 4 2 0.31140 0.40u2 0.1070 0.1065
4 3 0.77111 —0.4195 0.I44 .~3 0.103? 4 4 —0.2243 0.4*47 0.4059 0.5061
5 0.2040 0.01 42
I I —0 . 4577 —0 .2423 0.06’.’) 0.0699 3 2 0.3902 —0. *91)0 0.0696 0.06940 11 — 0.231 9 — * 5.133 2  0 .06.13 0.0681 5 4 —0.0862 —0.01(1 4 9.6614 9.0677
11 5 9.10159 —0.5070 4).06.~2 0.0691
6 —0 .09*4 0.04 44
4. I 0. *246 0.0478 0.02)3 0.44292 6 2 0.2066 —0 .3644 4.0288 6.09*59
6 3 —0 .0*62 —0.06)8 0.02 .3 0.0259 6 4 —0.1792 —0.4151 0.0209 0.0244)
3. 5 -0.36150 —0.5424 0.02.27 0.02411 6 6 0.001? —0.2346 0.0252 0.0257
7 0. 2055 0.414 ,2
7 I 0.24)26 0.0449 0.0452 0.0452 7 2 9.2927* 0.126 1 0.04*1 0.4)4*0
7 3 0.1539 -0.11140 0.04 .2 0.0390 7 4 —0.1626 —0.1636 5.0374 0.0:41*9
7 5 0.0901 —0.0048 0 .0:534 0.03o2 7 6 —0.3073 0.2074) 0.4)300 4.0334
1 1 —0.029 11 —0.0949 0.031) 5 039*
II 0 .06 50  0.02..4
*1 I — 0 .0 443 6.4446 * 0.0111.7 9.0307 8 2 0.1292 0.09W1 0.0508 0.62*7
II 3 0.01112 —0 .0213 0.02 ’lI 0.0294 8 4 — 0 . 2 1 1 5  0 .0304 0 .028* 0 .0283
11 3 —0 .0570 0.6131*9 0 027.1 0.4)272 8 6 —0.0*177 0 . 59 4 4  0.0269 0 .0 169
8 7 0.0404 0.0752 0.02..) 0.0270 11 1) —0.1447 0.0015 0.0202 9.02112
9 0. (370 0 . 0 9 7 5
9 I 0.18 111 -0.4427 1 0.01)50 0.05*0 9 2 0.1212 —0.0779 0.0910 0.0:55.
9 3 —0.111711 —0.0905 4141 .J.~3 *5 4)3 442 9 4 —0.0606 0.0934 0.029* 0.09’. I
9 5 -0.03(52 0.44317 0 .0 111  0.02111 9 4 0.4)922 0. *11114 0.0276 0 .4197 %
9 7 -0.4)11:1,, — 9.45599 0.01. 5 0.44176 9 II 0.2044 0.0641145 0.0276 0.0276
‘4 9 — 0 . 4 ) 5 2 9  0.4 ,262 44.0 2,56  41.02541)

0.0451:1 0 .02 .7
10 I 0.12*6 —0.0 (7)6 44 .0294 0.0235 10 2 —0.07)3 —0 .04214 0.0256 0.0256
*57 3 —0.0:1116 — 0 . 0 9 9 5  0 .02 .6  9.0247 40 4 —0.0 673 —0.  1026 0.0286 0.02:56
10 5 —0.02711 —0.4)539 0.0221 0.02.19 *0 6 -0.05)6 —0.04117 0.0256 5.0251
14) 7 0.05164 —0.44170 0 472 43 0.92(41 (0 0 0.044 * —0 .0371 0.02)0 0.0211
*0 9 0 .10 61 -0 .0191 0 .0 2 40  0 .0 2*6  *0 50 0 .5077  -0.03(4  0.0233 0.0224
II —0.0929 0.0293
II * —0.0222 0.004* 0.02*8 0.9256 II 2 -0.0241 -0.0952 0.0255 0.023(1
II 2 -0.051416 —0.1206 0.02:1 9.021 ) II 4 -0.10311 —0.07111 0.0240 0.0241
II 3 0.0132 0.4)6)77 0.021’, 0.0290 II 6 -0.00(57 0.0093 0.0220 0.02)7
II 7 0.0357 — 0 . 1 1 3 ( 1  0 .09 .2  0 . 0 2* 3  II Il 0.0073 0.4)666 5.024)9 0 . 0 2 5 4 )
II 9 -0.0474 0.01493 0.0253 0.0357 II *0 -0.0295 0.9*511 0.0223 9.02(2
1* 1* 0.0795) — 0 .0 * 7 5  0 .0 2.44 0.0234
12 0.04(59 0.0234
*2 I . -0. 0183 -0.0354 0.02.6 0.0213 52 2 0.006? —0.0279 0.4)957 0.0231
*2 11 0.0*24) 0.0426 0.02 111 45.412 4 1) 12 4 —0 .0673 —0.0379 0.0241 0 .024 1
II 6 0.0509 - 0 .0 0 46  0 .02 *9 0.0280 *2 6 0.0292 0.0513 0.0222 0.0239
I? 7 —0 .023 1 0.092)) 0.0211 0.0244 *2 8 0.8092 0.0266 0.020(1 0.0219
*2 9 0.0l3~) 0.41)67 0.02 .41 0.020? *2 *0 — 0 .4117 —0 .0266 0.02*5 9.0214
III Il 0.0090 0.5034 0.02.? 0.02(7 12 *2 0.0141 —0.0*00 0.0234 0.0235
12 0.04971:5 I — 0.0042 0.0142 0.02~4 0.0254 13 2 0.007? -6.03111 0.0234 0.0254
(3 8 —0 .0 (95 0..117* 0.0256 0.0246 IS 4 6.00*0 —0 .0059 5.0239 0.02:49
*3 5 0.4)3)12 0.0403 (1.4 12.10 5 .0 33) (1) 6 -0.0242 — 0 .01)1 9.0220 0.0220
13 7 -0.0577 0.0132 0.03413 0.02(4 13 7) -0.02311 0.0222 0.41206 0.0207
19 9 —0.05 74 ,  0.0925 0.01 4? 0. 4,205 13 10 44 .0330 — 0 . 0 1 1 4 0.0207 0.0204
52 II 0.0063 0.152110 0 . 5 . 1 4 3  0 .4 ) 213 *3 52 —0 .0042 0.0994 0.92*5 0.02$?
*13 II) —0.4)97’) 0.0633 0.412 )4 0.02:44
* 4 0.0125 0.02 .4

THIS FAG
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Table A .3 (continued)
THIS pAaE IS BEsT quAL I rY~~ :i .-— -~
F~0M C~~~ ~~~~~~ ~ d ~~~

*4 1 0.0222 0.0077 0.0244 0.0244 14 2 -0.8426 -0.0*87 ~~~~~~~ 0 V 0 : 4.~14 3 0.00179 0.0050 0.02:44 0.0234 (4 4 -0.0004 —0.0232 5V 0226 •.9 .
*4 5 0.11141 —0.4101)7 0.02.) 0.02)9 14 6 —0 .003 1 0,0o1~. 0.02)0 45
14 7 0.0:116 —41.0149 0.0119 0.0*99 (4 7) -0 .0305 —0 .021.3 0 03 9 4 0.4) 5 ’;-.
*4 9 0 .0155 0.043? 0 .01 549 0 .0 1(444 14 *4 ) 0.0224 ~ 0 V 3l44 0.019 4 4)05137 .
I S  II 0.0:131 —0.01111 3 0 . 0 1 ) 1  0.4)1’ ,,, 14 *1 0.0Ul~ ~~0V U2 3 d  0 .0 ) 91* 9.5.24 ’ :
34 III 0.03112 0.0305 0.02,13 0.0:10:1 (4 *4 —0 .0)76  0 0)33 0.0221 44
II — 0.0449 1) 0.02)1*
IS I 0.4 )33 4 0 .44300 0.0218 0.02411 IS 2 0.0047 0.0(m) ‘S 

~ , 4 0.4:4:1
IS 3 0.0159 0.04465 0.02 IS 9.0236 35 4 9. 041:59 V 41 V

~~~~ 0 1  2~~-4 0.4 1 .1,1’ ,
II 4 0.0095 0.0(3’ ) 0 .0 2 7 1  0.023 1 *5 6 —0. 00? ) 9269 0 . -.2 )3 .,..,::.:~IS 1 0 .0611  0.014? 0.0203 0.0205 IS 7) — 0 . 1 1 ’ 2  • 812 J 5 4 ) 5)7 ‘ ~ .4
iS 9 0. 0024) —0 .06)3) 1 0.01’,:) 0.0194 IS Is — 4) . 4Y~ .2 0. l Sl( 7~$ 0.0  9t 0. • 49
*3 * 1  — 4) .4 )OOI 0 .01*11 0 . 0 1 ) 1  0 .0 5 9 2  65 42 — 0 , 0 6 5 , 3  J. )

~697 0 .0 9~ ‘ J o : , )
IS 111 — 0. 4)200 0 .01711 0.4)9:71 0.024)3 *3 14 5 .0 )36  -0 . 02* 3  0.0201 o 0263 6
II IS —0.03413 0.0996 0.02.1*) 0.0223
16 44. 02 .3 4 0.0:1):)
lb I —0.04189 0. 4 )344 0 .4)3.4 0.0254 *6 2 -0.0*590 0.0350 0 47216 0.6236
II. 9 —0.02:46 0. 4)212 0 .0211 0.02 :4)1 16 4 0.0350 0.06)11 4 .02.10 0.02271
36 5 — 0 . 0 1 1 8  0.0210 0.4 )21 7 0.0222 5* 6 0.00433 —0.0301 0. l! 215 0.9213
16 1 —0 .0161) — 0 .06 )74 * 0.02- .)? 0.021W 1* 5 —0 . 03) 7 0.034)) 0.0301 0.0200
56 9 —0.04)57 —0.0399 0.0494 0.0493 46 19 —0.0015 — 0 . 0 4 * 5  0 .45* 04 0 .47193
34. 5 *  0.0074 -0. 4 4 ) 13. 0.0I’ i9 0 .4 ) 141 * 3 *6 32 0.0190 — 0 . 0 0 4 *  0 .4 )193  0 .9)93
I~. 12 0.0001) 0.15160 0 .0211  0 . 0 4 9 : 4  16 *4 —0 . 0046 _ 4 ) , fl) 443 0 .4)207 9.0206
16 35 — 0 . 0 1 1 1  -0.0:330 0,021.1 0.0203 IS 56 -0.0179 — 0 .01119 0.439(1 0.0320
*7 0.4)029 U.0I~~51? I 0.006 4 0 .4 ) 144) 0 .02 *7 0.02)17 17 2 -0.0423 0.0 199 0.020(4 0.02*0
IT 3 0.00111 -0 .4 )1114. 41 .41251 0.0233 I? 4 — 9 . 0 1 ) 3  0.02412 0.0214 0.09*4
I t 5 -0.01414 0 .0 14 )9 0.0224) 0 .023)4 (7 6 —0.02:40 -0 .45973 0 .0252  0 .02*2
I? 1 0.022:) -0 .0930 0 .44211  0 . 4 ) 2 1 1  *7 8 0. 4219 -0 .0113  0.020*  0 .02451
1’? 9 —0.0202 —0 .0977 0 .01.6  0 .0599  Il lb —0.0162 0 .0*55  0 .05 9 3  0.0543
*7 II 0.0003 0.0029 0 .0491  0 .0 (90  I? *2 -0 .01611 0 .0055 6 . 0 4 9*  0.0190
17 IS 0.039) 0 .0111 0.02 ’lI 0 .05114 I? *4 -0 .04 20  0.020 1 0.01911 0 .0*09
*7 II 0.0)67 0 .0 14 ) 1  0.02:1:4 O,Ol ’ ,2 57 16 — 0 . 0 4 15 *  U.orjo 0.02(0 0 .0210
* 7 %7 —0 .692) 9,0416,’) 0.0224% 0.0227
4(7 0.0502 0.09.10
III $ —0. 028 * — 0 . 0 4 5 9  0.01.18 0.0*311 lB 2 —0.0097 0.00311 0.01108 4.0:408
III 3 -0.00)3 -0.0000 0 . 0 5 1 9  0 .0*20 Ia 4 0.00)411 0.006 ) 0.0236 0. 09446
III 5 0.00:72 0. 41156 0 .0 4 6 4 5  0 .41664  III 6 0.0199 -0.410)0 0.0244 9.5244
(41 7 _ 9 , 4 5 ) )V ) 4  — 0 . 614723 0 . 0 3  144 0 . 0 ) 9*  III 0 0.02’lU —0.0034% 6.41211 0.0211
III 9 0.007)  0 . 04)99 0 . 0 1 )2  0 .0 ) 94  III 14) 0.0246 —0 .04 )52 0.0l ’ ) 5 0.0(95
II) II — 0.0234  — 0 .4 .097 ) 4 3 . 0 * 4 3  0. 0) ) ) ’ III 42 0. 001*1 — 0 . 0 * 71 9 .0 I ’3 3 0 .0* ’ ) )
III *8 —0 .4* 141.6 —0 .0334  54.4 ) 2 1 4 0 .0*3 . 3  III 14 0. 6)003 — 0.4) 1471 0.0 107 0.4)49 7
III IS —0. 04 42 — 0 .02 91  41.02111 6 1 . 0 4 ( 3  III (6 0. 0* 4 : )  0 . 0 4 2 :) 0.0208 0.02417
Ill I? 0.0o’ 2 -0 .0110 4 1 . 0 2 4 6 4  0.0:8.)) *0 III —0.~~046 -0 .0)22 0.0290 0.0*3)
1’) —0.01 )03 43.02 1’)
I’) 4 0.11013 0, 6)22 4 4) 443 75 0.0283 19 3 0. 0229 — 0 . 0* 0 7 0.0244 0.47244
*9 1* 0.003:) — 0 .014.11 0 .02 19 41.023’) t O 4 0. 0( 74 —0.01,95 0.01142 0.51112
19 6 —0 .0 .493 0 .4)4) 34 0 .442  .4 , 0 .02~ 6 I’.) 6 0 . 4 ) 0 3 1  5.0 45 ? 0 .04 9 4  0 .0 194
49 7 — 0 .00,3  0.440 64 0.02.14 0 .0254 I) 7) 0.02:10 — 0 .04 )04 8 .04*2  0.0)1.1
(9 9 4).04129 0.4,036 0 .031:1 0 .025?  19 *0 —0. 0366 — 0 .0 4 ) 6  0,9)1*9 0.011*9
vi II 0.0111,14 0.94792 4) 0 ) 7 9  0 0)93 39 *2 —0. OOfl  —0.oo:I1i 0.01)19 0.04 (17
I) IS 0.6)907 —0.4124.11 4) 03 I I  0 . 0 1 3 1  I’) (4 0.0l(.4 —0.003.5 0 .0*90  0 .0)00
19 *1 0.00: 16) — 0 . o I s U  0.02 *4. 0 .0146 49 16 —0 . 025.1 0.U8’)3 (4 . 0 191% 5. 0(9)4
$9 ( 7 0 . 0 1 9 3  — 0. 64) 76 45. 6)2 .4, 0 .024)6 59 II) 0. 47365 — 0.0 005 0.0223 0.011111
I’) I’) 45.0)9 11 0 . 6 3 3 4 4 0  0. 4)21)  0 . 4 7 2 2 *
2.) -0.07,34, 0.09.32
20 I -0 .4 ) 1 : 111  -0.4.5 )53 46.0210 0 .0210 20 2 —0. 0054 9.0045 0.0223 0.029:)
20 II — 0 . 0 1 ) 1 )  0.4,071, 0. 662 II) 0.0 :1:341 24) 4 —0,00 :35 — 0. 0 19 )1  0.011*6 0.011)6
24’ 3 -41 . 4 )4) 13 0. 4.04)0 0. 641 14. 0.0226 20 6 0.433136 9,0444 ) *5.0214 0.023:1
2(1 7 -0.111112 -0 .4*1)119 0 , 4 4 1  . I e.oH, J 20 II 0.06)63 -41,0411)) 0.0342 0.0243
20 ‘1 63.099 :4 ~ 0 , f l29V 1 0 . 4 ) 4 2 0 ,0 ) 4 1 )  10 10 5.04113 0 . 0 3 7 4 *  0.0219 0 .4)2 )9
2)1 II 47.3 ) 2 464 0.18 )111 0. 6 1 ) 5 1 ,  0 . 0 1 71) 2)) *2 — 0 . 9 1 ) 9  0.009)4 0.01’ i6 0 . 0 4 0 4
20 1:1 65 . 4 * 14.19 —0 4)6)23 45 ,01 ’) 45, 444 :)’) 20 *4 0. 0493  — 0 . 0 4 1 ( 6  0.0 413% 0.0*1* ’ )
245 IS 41 1) 7 ) 711 0 V 6 1 0 9 5  5. 6)1 1 64 . 0 ) 4 %  10 Ii. — 0 . 0 ( 3 4  — 0 .0 )492  0 .01 93 0.0)94
26) 57 -6 ) 6 )1 ) 1 - I  0. 04474 45 . 0 ) ’ ’. 0. 4 ) 1 1 9  20 Hi — 0 . 0 ) 5 1 1  — 0 .0204  4 , 0 2 54  0.019.)
2.4 Ii - 0 . 6 7 714. 0 .064443 44 0 2 - . )  9 V U 2 l ~ .4 35) .14) 9.0)73 0.0043 0.0314 0. 4 6 2 *3

— :~~V~

L .. V . - V~~~~~~~~~~~~~ V



_ _ _ _  _ _ _ _ _ _—
~~~~~~~~ —~~~~~~~ —————-~~~—---- :-- - -  - - -  -

Table A. 4: Fully Normalized Geopotential Coeffic ients Determined
from 416 100 Mean Anomalies by Integration. All coefficients mul-
tipl ied by io~. (E rro r Estimates not corrected by f3~~ ’ .)

II Pt C 45 85CM 91CM 13 II C 44 atOM 81CM

2 —4413.3679 0. (4(33
2 I 0.22114 0.0726 0.14)41 0 . 3 4 6 9 0  2 2 2.431411 —3.4532 0.1454) 0.144,1
3 0.509 5 0. 84(4,3
3 3 3.4*453 —0. 0421 9,419434 4.5961 3 2 3.4970 —0.4144 0.0876 0.0*150
‘3 4) 0.79175 1.5197 0.0694. 0 .47 741 *
4 9.3038% 0.06041
4 I -0 .4 5 6*  —0.393-4 O.03’1 4 0.0193 i 2 0.3324 0.423? 0.0616 0.0634
4 ‘3 0. 7911  —0.4269 0.081* 0.4)54 ? 4 4 —0.22445 0. ’259 0.0464 0.0438
O 0 .15 39 5.04..?
3 * —0 .131)? —0.27411 9.045)6 0.042 :4 5 2 0,4009 —0. 1949 0.046 I 0.45439
5 3 ‘ —0. 2311) —0. 1:119 0 .4)446 0 .0445 5 4 —0.01* 1 —0.01 9 3  0.0379 0.0372
5 5 5.1026 —0.3292 0.03:13 0.0334
6 —0. 17 11  0.0334
6 I 0. 12444 0.0476 5.09346 5.0154 3 6 2 0.2723 —6.5 5* 2  0.01*50 6.4)342
6 3 —0.01 0 3 — 0. 4)3 ’?? 0 .0364 45.036 * 6 4 —0 . 1776 —0.4 002 0.0:1314 0.01(1)3
6 3 -0.33751 -0.5234 0.0276) 0.0290 6 6 0.0066 —0.2309 0.0236 0.0259
7 0.3*333 0.0274
1’ I 0.1994 o.o : li a 0. 4)297 0.0298 7 2 0.211116 0.1244 0.027 * 0.0276
7 3 0.16 171 -9 . 1013  0.0293 0.11291 7 4 -5.1629 —0.4 62 6  0.0293 0.025*9
7 3 0.0*679 -0.0089 O,469~ 4 0 027 * 1 6 —0.3065 0.2020 0.02211 0.0224

7 -0 V~II2 -0.090 4 0 ,0250 9.02149
4% 0 .46152 0.4236
*1 I -0,0411:1 0.0 61 (4,63 244 46.02-5 * 8 2 0, 1 115 0.0993 0.0231 0.0246

• 11 3 9.01C113 —o. o r 1 4. ,0233 0.0231 73 4 —0.26154 0.4)126 9.6257 0.0241
5% 5 -0.8( 116 0, 0113*3 *5.021*0 45.44 :742 81 6 —0.0026 0. (091 0.02*2 0.02(3
I. 7 41,6 ) 596 63.063? 0,1)111)1 0.01113 (3 11 —0.1373) 0.0909 0.0)02 0.0168

0. 19110 5.02(42
0 I 0. * 72’) -0, 4)3)114 0,02))? 0 .034)6 9 2 0. 1 11) 1 -0.077’ ) 0.0204 0.0210
9 11 —0 , 176$) —9, 0209 0,02*4 I 0 .463 ) ) )  9 4 —*5.03110 5.0324 0.52449 0.02045
0 5 —3.0560 -0. 0279 0.5)24).) 0 .022) 9 6 0.0117 1 0. ( 796) 0 . 0* 94  0.0194
‘I 7 -0 .0* 5 * 3  —0.611.1) 0 .0 1? ? 0 .0 175 *5 44 0.10110 0.0102 0 .47150 0.0132
9 9 -0.0573 0.0209 0 .0151  0.0140

*0 0. 02*0 9 .037*
50 I 0 . 1) 46 -0. 0170 0.01110 0.0*83 10 2 —0. 4)753 —5 .0313 0.0576 0.0)711
IS 3 -0.5141(0 -9.4)946 9.0477 9.0*14. 3%) 4 —4.0593 -6.0936 0.0177 0.0171
II 5 —0.024 * —0 . 0(29 0.01713 0.01(16 *0 6 —0.0521 —0 .0476 0.0)1)3 0 .0*142
(0 7 0.0101 —0. 4)149 0 .0161 0. 4 6 1 6 1  (0 11 0,0443 —0.4)323 0 .0 (33  0.0* 45
30 9 0.09(11 —0 .0205 0.01:16 0.0*110 *0 30 0 .1*35 —5.0215 0.0126 0.0*33
II -0.0)63 0.0350
II I — 45.6327 6 —0. 44030 5, 0*4 ’ ) 0. 41(5 0 II 2 —0. 632*13 —0.041442 0 .4*63  0.0*63
ii 0 -0.4)72’ , — 0 . 1 1 4 3  0 .0151  0 .0*4 9  II 4 —0 . 091*1* —0 .0 . 5*3 0.0159 0.0134
II 5 44 .64 (93  0. 414171 0. 013 1 0 .0 (53 5 II 6 —0 . 0116 0.0052 0.5)162 5.0160
II 7 0.4)11311 —4 ) .14 ) 6’ b 0. 0186 0 .0* 34 II I) 0, 6)1479 0 .4761 4  0.91:l ’j 0.01:1:1
Ii *5 —0.114 741 0.5771 0.01:14 0.0123 II *0 —0. 0916 0.011,3 0.0114.  0.0 114
II II 0.0703 — 0 .0 ) 2 ?  0.01111 0.0113
II) 44.0:1 413 44. 4 ) 143
42 I —47. 461( 1) — 0. 462’)(, 14 . 4) 1 2’? 0 .0 1111 *2 2 0.00)5 —0.0231 0.01915 0.0143
(2 45 0.1) 3 4’) 0.0391% (4.451:16. 6.45*83. 11! 4 —0.04.39 —6.4:1:14 0 .04113 9.0132
12 IS 0.6,840 -41.,)4) I(. 41 , 4 )191, 0 .0*42  43 5 0.4)287 0.046 ) 0.01:)? 41 .1)123
52 7 —0 .6 ,2 :466 0 . 4 43111  0 .0(4 ’ )  43.0 44 *2 II 0. 6)16)7 0.0244 0.04163 0.0*2* 1
52 ~l 0.0111’) 0 .4116 2 45.01111 0 .0113  II *0 0.0072 4).021 1 0 . 5 ) 1 1 1  0 . 4 ) 1 1 1

• (2 II 0.446 )113 0.4)047 0.009’) 0 .0101 II 12 0.0* 117 —0.41W )) 9 . 0 1451  0.4509*3
III 0 . 4 7 5 4 3  0.46)22
18 I —0.04)913 0.6)03’J 4 4 , 4 ) 1 1 3  0 .0121 III 2 0. 0070 —4.0:111 ’) 0.0116 0.0*24
*3 3 -0.0143 0.4*939 0.0(29 0 .0524 *3 4 0.04443 —0.44044 0 .0117 0 ,0 ( 3 4
IS 1 0.0570 0.04011 47 .0119  0.0*23 IS 6 —0. 0214 —0.0101 0.0123 0.51271
1:1 7 -0.0*73 0, 914 1 0.0192 0.0 12 1 13 0 —0.0223 0.0255 0 .0 (29 0.0(33
IS 9 —0 .0(4 4  0.01)02 0 .0133  0 . 0 * 1 %  43 30 0.93*5 —0.04.7*8 0.0*02 0.00~ o
13 II 45.06)29 0.0270 0. 0096 0.9098 *3 52 —0 . 0041 0.0923 0.00*1? 0.003)9
*3 *3 —0.0:474 0.0626 6.001* 0.0099
*4 0.5027 0.0104
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*4 * 0.0223 0.0*01 0.0*06 0.45)3 14 2 —0.0470 -0.0*7% 0.0303 0.811>
14 .1 0.0(23 0.0421* 0.0*34 0 .011* 14 4 —0.60 )9 —0.0223 b .010t  0 0*03
*4 1 0.0139 -0.0101 0.0103 45 .0 *0 3  14 6 —0.000.4 0.0033 0.0*09 0.91(4
44 1 0.0274 -0.5192 0.0*09 0 .0* 0 (3  *4 *8 —0.0234 —0.023*3 9 . 0 ) 7 *  0 .9 )5’S
*4 4 0.0162 0.41394 0. 0 1* 1  0.0*08 14 *0 0.015* -0.01)09 0.009’J 0.6094
*4 II 0.024%~1 —0.41764 0.00(19 0.00*1*3 44 *2 0,0034 —0.022? 5.0004 0.563151
14 *3 0.0374 0.0240 0.0016 0.0078 *4 *4 —0 .0*38 0.01143 S.00?3 0.0336
43 —0.06441 0.00963
IS I 0.02*33 0,02411 0.001*8 0.0004 *5 2 0.0033 0.0)044 0.0095 0.009 o
IS 3 0.0401 9.0477 0.041911 ‘.0094 IS 4 0.0007 —0.0*73 5.410 3 ~1.0W*3
*5 3 0.0096 0.6*44 0.00(57 ..0o40 II 6 —0.0041 —0.025* 0.0063 4.0097*
IS 7 0.6)575 0.0128% 0.06)II 0.0097 *5 0 -0.0344 0.0*9”  ~,.00-t9 0.04594
*5 9 9.94152 —4.0065 4.4047 0.4109? II *4) -0.026? 0.444509 0.0045 0.009 3
IS II 0.0)P’~2 0.t4 I~~6 0.01,113 0.0073* *6 *2 —0.0 (70 9.064. 0.0078 0.0078
*3 43 -0.0213 0.0...3 4 45.04474 0.0071 1$ 14 ~~~~~~~ -0.0*78 4.006 5* 0.454459
*2 *3 -63.45942 0.41(52 0.0061 0.007*
10 0.0211) 0.5099
lb 1 .0.004*1 0.018? 0.0067 5.001* *6 2 —0.0638 0.00*4 0.06444 •.0& 91
lb 3 -5.02)3 0.47243 5.0079 0.0071 *6 4 0.0369 0.0131 5,009* 0.0090

1 —0,5997 0.0204 0.0*1153 0.0084 *6 6 —0.0040 —0.0314 0.0079 0.00*12
(4 7 -0.0)07 -0.0012 0.00*15 0.00*59 16 *8 - -0.0337 0.032(5 0.456*383 0.005*1
*6 9 -0.00*7 -0.05110 0.00*55 0.05730. *6 *0 —0.0013 —5.6090 0.0081 0.0007
*1. II 0.00*5) —0.0 )50 0.00*43 0.0082 *6 *2 0.6*12 —0.0044 0.47073 0.e069
IS *3 — 0 . 06 4 0 1  0.0*40 0.096 6 0.0072 *6 14 -0.04634 -0.0253 4.0564 0.0467
*4. 15 — 0 .0 116  —0.0367 0.0039 0.0063 36 (6 —0.0223 —0.0(10 0.45065 0.41450
(7 0.0031 0.00’10
1? I 0.0007 0.47262 0.0039 0.0062 I? 2 —0.0534 0.0252 0.0004 0.008 3
Il 3 0.0 1573 0. 47926 0.0077 0.0075 *7 4 —0.0243 0.0340 0.0073 0.0472
17 1 -0.0204 4. 0*26 0.00(14 0.00112 11 6 —0.026* -6 .04 1*  0.0061 0.0457 5
17 1 0.02113 -0.0245 0.0076 0.0077 I? 1) 0.0256 —6.0*47 0.0002 0.0(470
II 9 -0 .0191 —0.0365 0.0074 0.00747 17 tO —0 .01715 0.6*2? 0.0077 5.4(5,478
I? II -0 .00(0 0,0063 0.00?? 0.0576 *7 12 —0.0220 —0.0001 0.0012 0.0970
*7 *3 0 .017 1 0 . 0 3 * 7  6.0014 0.0069 II 14 —0.00*19 0.0203 0.4706*  S.0062
37 13 0.0* ’ ) ) 44.01182 0.0034 0.0064 *7 *6 -0.0097 6.0151 0.0054 0.0034
* 7 I? -41.033..) 0.0417*1 0.0036 0.06)54
33 45.0*22 0.04)3*5
III I -0.441*60 -64.03)6)) 0.00314 0.04)945 III 2 —0.0112 0.00146 0.06)24 0.04)25
1(1 *1 —0.611191 —0, 5121 0.0o’a 3 0.000 1 ID 4 0.OuR3 0.503)4 6.0042 0.04*43
III 5 0.410111* 0 .01?? 0.04)’l*I 0.00112 50 6 0.02*2 —0.4744 23 0.5003 0.0064
III 7 -41.00411 -0.44022 0.06)4.3 0.0063 II) *1 0.0236 -0.0074) 0.4073 0.04170
In 0 45 .0 (4)9 5 .0114 0.0474.8 0.0073 *0 40 0.022*1 —0. 0047 0.9068 0.006(3
JO II -I.0I~12 —0,0)21 0.007 1 0.006’? *8 *2 0.4)043 —0. 0223 0.0067 0.0067
II) *4) -0.0093 —44, 45540 0.004*1 0.0073 1*5 14 0.0022 —0.0223 0.0034 0.0055
III IS —0.0410 —0 .03* 11 0.0043 0,0063 3* 1 (6 0.0114 0.0098% 0.0056 0.0049
*1* I? 0.0078 —0 .0103 0.00345 5.0043 III II) —9.0039 ‘ 0 .61381 4 .04524 0.0065
*9 0.000) 0 .04 44 *
*9 I -0.0062 0.0267 0.0072 0. 0073 *9 2 0.0372 —0.0*76 0.0044 6.0044
I’e 3 0.0098 —0,0275 0.0064 0.0062 (9 4 0. 0254 —0.0 172 0.0070 0.0069
(9 5 -0 .0114  0.0.166 0.04431 0. 003*5 *9 6 0.0063 0.029o 0.0077 0.04)781
89 7 4.01)0* 0.003) 0.4504* 0.0043 49 II 0.026 * —0 .00 11 0.0061 6.0063
*9 44 0.0047 0. 04)63 0.0061 0. 0063 *9 IS —9.e201 — 5 .0* 5 2  0.0052 0.0063
*9 II 0.002*4 0.0459(3 0.006 * 0.046* *9 *2 —0.0030 —0.0074 0.0053 0.0062
*9 13 0.0104 —0.0292 0.454)39 0.0074 *9 *4 0.0206 —0. 00)8 0.0053 6.0054
$9 IS 0.0000 —0.0)7*4 0.001*4 0.005*8 89 46 —0.02418 0.41*3 0.0053 0.4)045
14 Il 0.0240 —0.0095 0.004*5 0.0043 *9 IS 0.042? —0.012? 0.6039 0.0046
*9 19 0.0323 0.0*42 0.0043 0.0043

344 — 0 . 0 3* 1  0.0047* -

27) I -0.0215 —0.0019 0.0031 0.005(3 450 2 -0.0*33 0.0930 0.6053 0.0063
24* 3 -4.0166 4.0*32 0.0043 4. 0042 20 4 —0.0* 27 —0.0309 0.04169 0.0456*8
2) 5 —O.Ou r ,3 0. 000(5 0.0039 0, 0041 20 ~ 0.0207 0.0052 0.0034 0.0051
1*45 1 -0 .4)274 —0.0131 0.04)63 0. 6064 20 *8 0.0052 —6.04)39 0.0032 0.0033
20 9 0.0:195 -0.011*4 0.0063 0. 0066 20 *0 —0.0006 0.0283 0.0032 0.60511
26) II 45. 0: 142 S.OoOl 0.04)36 0.44051 20 13 —9.4220 0.0076 0.9054 G.OoSl
26) IS 0.06*93 -0.001.0 46.00 :43 0. 0015 20 *4 0 .0*42 —0.0 (457 0.9052 0.0030
20 IS 0 .0 )4 9  —0 .0171 0.044:13 0. 04756 20 *6 —0 .4* 12 —5 .8*74  0.0042 0.8043
24) *1 45 . 0471 : )  0.4.0948 0.0046 0. 004* 20 11* —0 .0*45 —0.0225 0.001(0 0.0043
20 *9 -0.0033 0.41003 9.44436 0. 0939 345 20 0.0262 0.0052 0.0043 0.0086
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